Table 1 shows the first three modes of vibration calculated by the
NASTRAN finite element model. Both the freely-slipping and the fully
restrained, or ring shroud, boundary condition analytical results are

- given. Also shown are existing test data which reflect a blade with a
normal shroud load that causes a 450 in.-1b untwist moment to simulate
engine operating conditions. The second mode of vibration during the
test was the above-shroud-torsion mode. This indicated that at this
shroud load during previcus testing, the blade acted in a manner similar
to the analytical blade with a ring shroud. A comparison between the
natural frequencies of the existing test data and the analytical predic-
tion showed the frequencies agreed. This indicated that the analytical

finite element model adequately represented the actual blade.




SECTION IV
TASK III
TEST PROCEDURES AND HARDWARE

DEFINITION AND PROCUREMENT

A.  GENERAL

Task III1 provided for the establishment of testing procedures and
testing hardware definition and procurement. Using three YF100(I) fan
blades with trailing edge shrouds, test parameters such as frequency,
amplitude, and level of shroud constraint loads were defined. The appli-
cation of sensors were defined, methods of applying shroud load con-
straints were determined, and procedures for calibrating instrumentation

and conducting tests were established.
B. SHROUD LOAD DISTRIBUTIONS

The elastic shear load distribution relative to the frictional
shear loads generated at the shroud interface determines the amount of
slippage which occurs at the shroud interface. To determine the fric-
tional shear loads along the shroud, the normal load distribution is

required.

Figure 9 is a diagram of the shroud loading device used in the
laboratory testing. The fixture consists of two clevises constrainted
to move in a straight line. Each clevis supports a load platen which
bears against the shroud face. As the clevises are moved forward, the
load platens are allowed to rotate as they translate. Thus, as the
blade rotates and deflects under shroud loads, the load pléten is held

in contact with the shroud face.

The load distribution under test conditions was analytically deter-
mined by performing a static NASTRAN analysis of the blade. The blade
was restrained from motion at the attachment. The grid points along
each of the shroud faces were connected with a rigid element (a multiple-

point constraint equation).

A unit deflection normal to the shroud face was applied at the cen-
ter of each shroud and the reaction required to cause the displacement

calculated. This reaction was used to normalize the load at cach grid
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Load Cell

FD 143547

Figure 9. Shroud Loading Device

point on the blade shroud face yielding the normal load distribution.
Figure 10 illustrates the normal load distribution along the trailing
edge shroud interface for the laboratory test conditions. Because the
friction force is proportional to the normal load, the load distribution
shown in Figure 10 indicates that the friction force will be maximum at

the center and minimum at the edges of the shroud.

5 3
: Percent of*” } :
’ Total Load Where:
o4 i
®. Ni = Load at Grid
9 x 1
N = Total Load at Shroud
' 0 L L L 4 - [ = Length of Shroud Face
g 0 2 & 6 B8 140

X

p - Position on Shroud
T </l

Position Along Shroud Face

Figure 10. Normal Shroud Load Distribution
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Further study considered the relationship of the shroud to the air-
foil. Because the midchord shroud face is in close proximity to the mid-
chord of the airfoil, there is a greater potential for interaction between
it and the airfoil than between the trailing edge shroud face and the air-
foil. A finite element analysis was conducted to study the effects on

shroud loads caused by airfoil-shroud interaction.

To simulate the rigid test loading blocks, the grid points along
the shroud faces were constrained by multiple point constraint equations
to deflect and rotate as a rigid body. A separate set of equations was
developed for each of the two shrouded faces. A unit compressive load
normal to the interface was simultaneously applied to the center of cach
of the shroud faces. Two sets of airfoil boundary conditions were con-
sidered. The first set of boundary conditions consisted of restraining
the airfoil at the intersection with the shroud. These restrained air-
foil grid points are indicated by points 104 through 108 in Figure 11.
The second set consisted of restraining the airfoil at its root from all
motion, allowing the entire blade to deform. The analysis yielded the
resultant grid point forces along each of the shroud faces, thus giving
the load distributioﬁ across each of the shroud faces for the two boundary

conditions.

Figure 12 illustrates the distribution of the total applied unit
load to the shroud faces with the airfoil restrained at the shroud-air{oil
junction. This pattern of grid point loads yields an essentially uniform
compressive stress field adjacent to the shroud faces. Restraining the
airfoil at the blade root and allowing the entire shroud and airfoil to
deform had little effect on the load distribution of the shroud face
nearest the airfoil trailing edge, as shown in Figure 13. However, the
midchord shroud face, being closer to the airfoil, is materially affected
by the interaction between the airfoil and the shrcud. Thus, the location
of the shroud relative to the airfoil can greatly alter the shroud load
distribution and the resultant potential for shroud slippage. The nor-
mal load distribution illustrated in Figure 13 was used for the analytical

determination of shroud shear loads.
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Normal Shroud Load - 1b

during blade testing. The effect of the coefficient of friction on the
shroud slip is illustrated in Figure 28. This curve represents the

blade subjected to a 2g excitation.

1500 — /

125(C |-
M= 0.4

1000
750f-

Stuck

Shroud
500 =

Local

225

Slide of
Shroud

| A1 1 |
0 | 2 3 4 5

Excitation, g's

o
.

Figure 27. Analytical Prediction of the Effect of Normal Shroud
Load on Shroud Interface Motion
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0 0.2 0.4 0.6 o.s . of Shroud

Coefficient of Friction

Figure 28. The Effect of Coefficient of Friction on Shroud Interface Motion

s Shroud Loads

The expression for the shear loads at the shrouds was developed by
considering the relation between a single point on the shroud with the
reference point on the blade. The reference point on the blade is a
point at the center of the blade shroud junction. Figure 29 illustrates
the general form of the load over a cycle. The load is expressed by
a discontinuous function over the complete cycle. For the steady-state

response of the blade the cycle is arbitrarily started at time ty. The
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shroud is "stuck" over the portion of the cycle denoted by the time in-
terval t*. The four expressions used to describe the shroud load over

the cycle are:

F; = -uN-KU[COS('ut—w)—l] Y<wt<y+ wt*

II <

FR =  uN V+twt* Sty +m

I1% *

FR = uN-KU|[Cos (wt-y)+1 v+erSwt<y+m+ ot

IV

FR = -uN p+m+ret*S pt<yY+ 2T
Where:

Yy = wty

u = coefficient of friction

N = normal shroud load at point "i'

K = stiffness of shroud point "i" relative to the

blade reference point

w = frequency

t = time

U = blade reference point motion.'

By equating the expressions for the shroud load at the point which

an elastic load ends and slip starts, an expression for wt* may be de-

fined at
wt =Y + wt*
| PPN
L

-uN-KU [Cos(u)"c*)—l ]= uN

wt* = Cos'l[ - %Ul]
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Force
wt* wt*
N - Reference Point
N, //' Displacement
/
\ /
o 1 % j
wt1 ok Y |72 wt
\ /
\\_/ l
N L Shroud Force
prea 2 ”

wt* = Stick or Elastic Fortion of Cycle

Figure 29. Local Shroud Force for Stick-Slip Condition

As the ratio %g (the ratio of Coulomb friction load to elastic load)

approaches unity the magnitude of wt* approaches w. Thus at values of
the ratio %%-; 1, the shear load at the shroud point under study is

elastic. As the ratio is reduced from unity, slip occurs over an in-

creasing portion of the cycle.

In order to use the shroud load expression in a forced response
analysis, the general discontinuous expression is represented by a

Fourier Scries.

Where:

a
)
> '.:_..(._Qm

SR % o
t 3 E:I(Antosnwt bnb1nnut).

It can be shown that only odd terms exist and that:

ag = 0
5
a, = - 2Esin(ut) + 2sin(uts) - E{mtwismz:»t*}
" m T
RN TR DR a B’"'ﬁll{' oy
Uy - = 31!Sm\.smt )+3nbln(.>mt )-5& {om..wt* e Sindwt i
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LA el e R I S e Lt TR SN
ag = z_;:'_rsln(sc.,t ) +5"61n5wt 4TrSm4wt g;SlﬂGNt
b1 = g-‘2-[1+Cosmt*]+ 2A [I-Cosmt*]-§Sin2wt*
T w ™
- _Z_D_ * _2;5 o * l *
b3 . [1+Cos$wt ]-+3“ [1 Cos3wt ]4-2“ [Cos(th )-l]
+-§— Cos(4wt*)-l]
47
2B E/i_-*]l[c ]
bS - {1+Cos$wt*] *E. [l CosSwt * o 0s(4wt*)-1
+—§- Cos (bwt*)-1
6m )
thrq:
A = [KU-uN]
B = KU
D = uN
i =il 2uN !
wt* = Cos [-—K—U—

The Fourier Series exp}éssion evaluated at a ratio of uN/KU equal
to unity degenerates to the simple elastic harmonic expression as shown
in Figure 30. Figure 31 illustrates the original shroud load curve eval-
uated at a ratio of uN/KU = 5. This represents the condition of slip
over 50% of the cycle. Shown relative to the original curve are the
results ot evaluating the Fourier Series using the rirst threce harmonics
for this condition and also the results of using only the first harmonic
in the load evaluation. The result of using the first three harmonics
in defining the load matches the original curve very closely. The use
of only the first harmonic results in a small variation between the
loading curves. The extreme conditions with slip over 80% of the cycle
is illustrated in Figure 32. This figure shows that the use of only
the first terms in the Fourier Series load definition closely matches
the original curve. The two curves deviate by 8%. As fﬁéiéﬁount of slip
over the cycle decreases, that is as the ratio of uN/KU approaches unity,

the deviation diminishes between the original curve and the load definition

based on only the first harmonic from the Fourier Series definition of
the load. At the point of no slip the expressions match. The analysis

of the blade was conducted using the first harmonic from the Fourier

Series expression of the shroud load.
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d. Blade Analysis

A forced response steady-state analysis was conducted using the
NASTRAN finite element computer program. (The mathematical model used
for the analysis was shown in Figure 2.) " The blade was subjected to a
basce excitation at the root attachment and the shear loads were prescribed
along the shroud faces. The shroud shear loads, both in-plane and out of
the shroud plane, were determined using the first harmonic of the Fourier
Series expression for the shroud loads. Five grid points along each of
the shroud faces were defined in the model which allowed the shear load
variation to be included in the analysis. Since the shroud loads are a
function of the blade motion, an iterative solution was required to solve
the blade response problem (Figure 26). The rate of convergence of the
iteration scheme is illustrated for two different analyses in Figure 33.
The lower curve represents the blade in a micro-slip or stick-slip condi-
tion. The upper curve illustrates the solution converging to a blade

with a stuck or fixed shroud.

The effect of changing the coefficient of friction on the solution
is presented in Figure 28. For the case of 2g's base excitation, a
shroud normal load of 234 1b, and the coefficient of friction cqual to
0.8, Figure 28 predicts that the shrouds do not slip. The blade was
analyzed under the above conditions first with the shrouds restrained
from sliding and a second time with shroud shear loads calculated using
a coefficient of friction equal to 0.8. Figure 33 shows that the iterative
solution with a high coefficient of friction converges to the solution
of the blade with fixed shrouds after five iterations. This agrees with
the prediction of a non-slip response solution of Figure 28. Figure 33
also illustrates that with slip occurring, represented by the lower
response curve, the energy dissipation of the shroud loading results in a

lower tip response for the blade subjected to the same base excitation.
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COMPARISON OF ANALYTICAL DATA TO TEST DATA

A comparison of analytical and test data generated for the blade

under similar conditions shows good agreement, (Figurc 34).

The condi-
tions illustrated are for the blade with local slip occurring during

the cycle. The blade response for the other conditions tested are illu-

strated in Figure 35. The complete test results are presented in the
appendix.
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SECTION VII

CONCLUSTONS/RECOMMENDATTONS

Laboratory testing of the YFi00(I) fan blade with a trailing edge
shroud examined the full range of shroud boundary conditions from fixed
to freely slipping. Comparison between the test data and the analytical
prediction of frequencies and mode shapes for free and fixed blade shrouds
showed good agreement. It was also demonstrated that frequency change

. caused by the presence of instrumentation was negligible.

The steady-state forced response analysis of a shrouded blade with
shrouds that slip over a large portion of the cycle required a non-linear
solution. The use of an iterative sclution scheme to solve the non-linear
problem based on the NASTRAN computer program proved to be unwieldly.

An internal modification of NASTRAN to recalculate the shroud loads after
each iteration in the solution scheme or a special purpbse program is
required to use this solution method as a practical design tool. The
analysis of the blade was conducted using only the first harmonic terms
of the mathematical definition of the shear load at the shroud faces.
This analysis resulted in a blade response that matched the test data

generated for the blade.

Comparisons of the analysis and test data for the shrouded blade

vibrating in the first mode with microslip at the shroud faces demonstrated
that only small changes in frequency and mode shape occurred. For this
condition, the present linear method of analysis, which considers the

shroud as a continuous ring, is adlcquate.

Analysis of the fan blade under the freely slipping boundary condi-
tion was inconclusive due to the nonrepeatability of the test data. As ] .
the fan blade started to slide at the shroud interfaces, the applied
load normal to the shroud face was relieved. Also, associated with gross
slirping, a material transfer occurred between the shrouds and the test
fixture. The resultant changes in the shroud boundary conditions after
gross slip had occurred negated test repeatability at the given shroud
loads and input excitations. In order to evaluate this condition, a
more sophisticated experimental approach would be required. A full stage
of fan blades would have to be tested in a rotating enviranment with

appropriate capability to modify shroud loads and measure response.
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APPENDIX

TEST RESULTS

" The test data generated during Task IV of the Fan Blade Damping
Analysis Program is included in this section. Tables Al through A5
present the stress output and accelerometer readings generated while
testing the fan blade in the first bending mode with the shroud normal
load held at 200 1b, 234 1b, 280 1b, 330 1b and 400 1lb, respectively.
The location of the strain gages and accelerometers was presented in
Figure 14, Section IV. When the first mode is excited strain gage ''B"

is the only gage which yields a significant value. Therefore only the

results from this strain gage appears in tables Al through A5. The

accelerometer output presented in the tables consists of the magnitude

expressed in g's and the phase angle in degrees relative to the input

excitation.

Figure Al presents the bench test frequencies of the three blades
used for the program and an indication of the mode shape of the blade.

The tabular data are for blade Serial Number 3183.

Figures A2 through A6 illustrate the blade response of blade Serial
Number 3183 as recorded by accelerometer number one. The curves present
the tip response of the blade versus excitation frequency at different

levels of input excitation for a fixed shroud normal load.
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Figure 36. Blade Mode Shapes and Frequency from Bench Tegfing With
Shrouds Restrained at 234 1b
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